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Combinatorial carbohydrate chemistry 
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The application of combinatorial chemistry to the synthesis of 
carbohydrate- based compound collections has received increased 
attention in recent years. New strategies for the solution-phase 
synthesis of oligosaccharide libraries have been reported, and the 
use of monosaccharides as scaffolds in the generation of 
combinatorial libraries has been described. Novel approaches to the 
assembly of carbohydrate-based antibiotics, such as aminoglycoside 
analogs and vancomycin derivatives, have also been disclosed. 
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Abbrevation 

RGD Arg-Gly-Asp 

Introduction 

Combinatorial chemistry has become an important tool in 
modern drug development. Although carbohydrate-based 
compounds hold great potential as therapeutic agents, the 
application of combinatorial chemistry to this class of bio- 
molecules has only recently elicited attention. The challenges 
associated with carbohydrate synthesis, including laborious 
protecting group manipulations and the need for regioselec- 
cive and stereoselective glycosylation reactions, are primarily 
responsible for the lack of more intense efforts. The high 
degree of functionalization and diverse stereochemistry of 
carbohydrates, the very properties that render them attractive 
members of compound libraries, are responsible for the com- 
plications encountered by the experimentalist. In addressing 
and overcoming these challenges, the synthesis of a number 
of carbohydrate-based libraries has been achieved. This 
review highlights recent progress in the combinatorial syn- 
thesis of carbohydrates, including the development of new 
carbohydrate-based antibiotics and the use of carbohydrates 
as scaffolds for the synthesis of stereodiverse libraries. Recent 
advancements in solid-phase oligosaccharide synthesis and its 
application to carbohydrate libraries is also discussed. 

Several excellent articles reviewing combinatorial carbo- 
hydrate synthesis have appeared prior to 2000 [1*,2,3]. This 
article focuses primarily on strategies reported in the past two 
years. The synthesis of glycopeptide libraries and related 
glycoconjugates has been reviewed recently and thus will not 
be covered [4",5]. 

Combinatorial oligosaccharide libraries 

In the past five years, the combinatorial synthesis of 
oligosaccharide libraries has been carried out both in 



solution and on solid support [1 •,2,3]. During the period 
covered by this review, only two approaches to the combi- 
natorial synthesis of oligosaccharides have been reported 
[6**,7*]. Both reports describe similar solution-phase 
approaches, employing sequential one-pot glycosylation 
strategies. Ye and Wong [6**] made use of their programmable 
one-pot glycosylation technology [8], which has been 
employed for the synthesis of a number of structures, 
including the tumor-associated hexasaccharide Globo-H 
[9*]. With the aid of anomeric reactivity values determined 
with the computer program OptiMer™, the construction of 
a small library of trisaccharides and tetrasaccharides was 
accomplished using a panel of monosaccharide and 
disaccharide donors. The sequential reaction of thioglyco- 
sides of varying reactivity produced a library of 33 
oligosaccharides, which were partially or completely depro- 
tected to create 29 additional compounds (Figure la). 

In the second approach, Takahashi et ai [7*] reported the 
rapid assembly of a library of linear and branched trisaccha- 
rides by using a combination of donors, including glycosyl 
bromides, thioglycosides and 2-bromoethyl glycosides 
(Figure lb). Selective activation of the bromide and thio- 
glycoside donors with AgOTf and NIS/TfOH, respectively, 
enabled the generation of a library of 72 trisaccharides by 
sequential one-pot reactions on a manual synthesizer. It 
should be noted that each member of the library contains 
two sites for further elaboration. The chloroacetate group can 
be selectively removed for attachment of the trisaccharide to 
solid-support, while the bromoethyl glycoside can be 
modified by alkylation for the introduction of diversity at the 
anomeric position. 

The synthesis of oligosaccharide libraries in solution has 
been quite fruitful. Still, the use of solid-phase methods for 
the construction of glycosidic linkages is attractive, because 
an excess of reagents may be used to ensure high yields and 
the number of purification steps is reduced. The solid-phase 
synthesis of oligosaccharide libraries was first reported by 
Kahne and co-workers [10] and later by Zhu and Boons [11]. 
Although no new methods for the solid-phase synthesis of 
oligosaccharide libraries have been reported during the past 
two years, a number of strategies for the solid-phase synthesis 
of oligosaccharides in general have been reported 
[12-1 4, 15", 16'], including the automation of oligosaccharide 
assembly. The first automated solid-phase oligosaccharide 
synthesizer [15**] was used to prepare structures as large as 
branched dodecamers in less than one day. The synthesis 
was achieved using a re-engineered peptide synthesizer 
containing a coolable reaction vessel, utilizing glycosyl 
phosphates and glycosyl trichloroacetimidate building blocks 
(Figure 2). Each cycle involved the coupling of a building 
block to a growing resin-bound oligosaccharide and the 
removal of a protecting group to expose a single hydroxyl 
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Figure 1 
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Novel approaches to oligosaccaharide libraries, (a) Wong's approach to 
the one-pot assembly of a library of linear and branched trisaccharides 
and tetrasaccharides. The sequential reaction of thioglycoside donors of 
varying reactivity produced a library of 33 oligosaccharides, which were 
partially or completely deprotected to afford 29 more compounds. 



(b) Takahashi's one-pot sequential assembly of a library of trisaccharides. 
Selective activation of glycosyl bromide and thioglycoside donors with 
AgOTf and NIS/TfOH, respectively, yielded a library of 72 linear and 
branched trisaccharides. Bz, benzoyl group; NIS, AAiodosuccinimide; 
TfOH, trifluoromethanesulfonic acid. 



group for attachment of the next carbohydrate. A meta- 
thesis-cleavable occenediol linker enabled release of the 
oligosaccharide from the support using Grubb's catalyst. This 
method has recently been applied to the synthesis of a 
branched tetrasaccharide (Figure 2) corresponding to a 
portion of the cell-surface lipophosphoglycan of Leishmania 
parasites [16*]. Branching of the tetrasaccharide was 
achieved through the selective removal of different ester pro- 
tecting groups. The automation of oligosaccharide synthesis 



is expected to greatly facilitate preparation of oligosaccharide 
libraries by parallel synthesis. 

Carbohydrate scaffolds for combinatorial 
synthesis 

Monosaccharides are particularly attractive scaffolds for 
the synthesis of combinatorial libraries. They are 
readily available, conformationally rigid, chiral and highly 
functionalized molecules, containing up to five hydroxyl 
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Figure 2 
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Solid-phase synthesis of a branched tetrasaccharide [1 6*] using an automated oligosaccharide synthesizer [1 5**]. Bn, benzyl group. Cy, cyclohexyl 
group; Lev, levulinoyl group; Piv, pivaloyl group. 



groups for the introduction of a diverse range of side 
chains. A variety of synthetic routes to these scaffolds have 
been reported [17,18] since carbohydrates were first 
described as 'privileged platforms' [19,20]. 

Recently, a focused combinatorial library of 126 mimetics 
of the Arg-Gly-Asp (RGD) peptidic sequence based on a 
sugar scaffold was rationally designed aided by molecular 
modeling [21*]. Although carbohydrate scaffolds had 
previously served as peptidomimetics, this was the first 
report of a combinatorial library of this class of com- 
pounds. D-Xylose was selected as a scaffold for the 
introduction of acidic and basic functional groups at 
various positions in order to achieve a high degree of 
stereodiversity. The a- and p-allyl glycosides of D-xylose 
(Figure 3a) were modified by benzylation to yield a total 
of 14 compounds, composed of a mixture of mono-, 
di- and trihydroxy derivatives. Alkylation with /"-butylbro- 
moacetate fashioned the corresponding ester derivatives. 
Using a 'mix-and-split strategy', the 14 compounds were 
elaborated into a library of 126 members that were 
functionalized with various amines. Using this strategy, 
an RGD mimic was identified that displayed activity 
equal to a known peptide-based inhibitor (RGDS) of 
integrin-mediated adhesion. The active compound 
contained an CC-linked Af-propyl substituent and a 
carboxylic acid at position 4. This method is now being 
applied to the synthesis of libraries of other biologically 
relevant peptidomimetics. 



A second recently reported carbohydrate scaffold is based 
on tunicamycin (Figure 3b; [22]). Tunicamycins have been 
shown to inhibit a wide variety of lipid carrier-dependent 
protein glycosylations and are potential antibiotics, as they 
inhibit bacterial cell wall biosynthesis. Tunicamycins have 
not been used as therapeutics because they are toxic to 
mammalian cells, inhibiting all AMinked glycosylation. 
Analogs of tunicamycin may exhibit specific inhibitory 
effects towards eukaryotic and prokaryotic cells, potentially 
allowing for the targeting of pathogenic cells over mam- 
malian cells. The tunicamycin scaffold incorporates two 
sites that can be derivatized orthogonally, an azide and a 
hydroxyl group (Figure 3b). Following azide reduction, 
modification of the disaccharide scaffold by acylation and 
amidation may generate a library of tunicamycin analogs. 

Two additional scaffolds have been reported during the past 
two years (Figure 3c). The p-D-glucose [23] and Af-acetyl-a- 
D-glucosamine [24] derived structures were synthesized for 
the purpose of generating carbohydrate-based libraries for 
broad screening and can be decorated at the positions 
indicated by asterisks in Figure 3c. The glucose scaffold 
is amenable to solid-support synthesis, resulting in an 
immobilized thioglycoside donor. Further diversity could be 
generated at the anomeric position by glycosylation. 

Libraries of carbohydrate-based antibiotics 

A number of antibiotics contain a glycan portion [25**]. 
Examples of carbohydrate-based antibiotics include 
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Figure 3 
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Use of carbohydrates as scaffolds for combinatorial synthesis, (a) Synthesis 
of a combinatorial library of peptidomtmetics of the RGD sequence using 
D-xylose as a sugar scaffold [21 •). An RGD-mimic that was identified from 
the library is shown, (b) Structure of Sofia's carbohydrate scaffold based on 



tunicamycin containing two sites for functionalizatioa [221. (c) Structure of 
carbohydrate scaffolds derived from (3-ogJucose [23] and AAacety!-a-r> 
glucosamine (24). Sites for functionalization are indicated (*). BOM, 
benzyloxy methyl; PMB, pa/3-methoxybenzyl group. 



aminoglycosides, such as neomycin, kanamycin and 
streptomycin, and the glycopeptides vancomycin and 
teicoplanin. Because of the recent emergence of a number 



of drug-resistant bacterial strains, much effort has been 
focused on the generation of new structures with improved 
antibiotic activity. Wong and co-workers [26-28] have 
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Figure 4 
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Synthesis of aminoglycoside libraries based on neamine assembled by reductive amination and amidation [29]. 



reported a number of library-based approaches for the 
discovery of new aminoglycoside antibiotics. Because of the 
size and complexity of aminoglycosides such as neomycin 
(Figure 4), a primary focus for the design of new antibiotics 
is the identification of simpler structures that retain the 
activity of the parent compound. Over the course of their 
studies, Wong et ai identified the naturally occurring 
pseudodisaccharide neamine as a core structure for the 
generation of new libraries of aminoglycoside mimetics 
[28]. A recent report described the synthesis of a library of 
neamine-based compounds and their RNA-binding 
properties [29]. The neamine library was constructed by 
reaction of the corresponding azide precursor with a variety 
of amines after conversion of the 5-0-allyl group to a 
reactive chemical handle (Figure 4). Amidation or reductive 
amination of the intermediate acid or aldehyde, followed 
by azide reduction and hydrogenation, yielded a library of 
compounds modified at the C-5 position of neamine. 

The glycopeptide vancomycin (Figure 5a) has been 
used clinically for the past 40 years to treat infection by 
Gram-positive bacteria. The emergence of resistance to 
vancomycin in enterococcal strains has aroused considerable 
concern [30] and spurred vigorous efforts to develop novel 
antibiotics to combat these strains. In a series of recent 
reports, Nicolaou and co-workers [31,32,33**] described 
the construction of several libraries of vancomycin analogs, 
modified within the carbohydrate portion of the glycopep- 
tide. Initial efforts were directed towards the replacement 
of the naturally occurring disaccharide with a panel of 
synthetic monosaccharides [31]. The glycosylation was 
performed on solid-phase using trichloracetimidate donors, 
with the aglycone attached to the resin by a new selenium- 
based safety-catch linker [32]. The monosaccharide 



analogs proved to be less active than the parent 
vancomycin against all bacterial strains. Having estab- 
lished the importance of the vancosamine moiety for 
antibacterial activity Nicolaou and co-workers turned their 
attention to the modification of the existing glycan by 
reductive amination. Reaction of vancomycin with a 
variety of substituted benzaldehydes (containing terminal 
alkenes or thioacetates) yielded a library of vancomycin 
analogs (Figure 5a). Biological evaluation of this library 
revealed several highly potent compounds effective 
against vancomycin-resistant strains. Dimerization of these 
compounds by disulfide formation and olefin metathesis 
led to the identification of an additional set of highly 
potent antibiotics [33**]. In this case, the discovery of active 
compounds was facilitated through the use of target-accel- 
erated combinatorial synthesis (or dynamic combinatorial 
synthesis) [34,35]. 

It has been suggested that glycolipid derivatives of 
vancomycin (i.e. compounds containing a lipid-functional- 
ized disaccharide) are active against resistant strains of 
bacteria because of their ability to inhibit the transglyco- 
sylation step of peptidoglycan biosynthesis [36,37]. If this 
model is correct, it should be possible to improve the activity 
of vancomycin derivatives by optimizing the glycolipid 
moiety for inhibition of transglycosylation. In order to test 
this hypothesis, Kahne and co-workers [38] devised a strategy 
for the synthesis of a new class of vancomycin analogs, 
termed hybrid glycopeptide antibiotics. To illustrate their 
approach, the aglycone was modified by alkylation with a 
synthetic disaccharide, corresponding to an analog of the 
known transglycosylase inhibitor moenomycin (Figure 5b). 
This disaccharide had been identified from a combinatorial 
library of moenomycin analogs [39]. The resulting hybrid 
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Figure 5 
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Strategies for the synthesis of vancomycin analogs, (a) Nicolaou's 
synthesis of vancomycin analogs by reductive amination with 
benzaldehyde derivatives, containing terminal alkenes and thioacetates 
[31]. Dimerization of the vancomycin analogs (by disulfide formation or 



olefin metathesis) led to the identification of potent antibiotics with 
activity against resistant bacterial strains [33"] . (b) Kahne's hybrid 
glycopeptide antibiotic, containing a disaccharide analog of the 
transglycosylase inhibitor moenomycin [38]. 
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molecule, which concains the vancomycin aglycone in 
place of the lipid moiety, exhibits antibiotic activity far 
exceeding that of the individual components. This 
approach should greatly facilitate the synthesis of a large 
collection of vancomycin analogs, because the synthetically 
challenging glycosidic linkage is replaced with a simple 
ethylene glycol linker. 

Conclusions 

In light of the biological importance of oligosaccharides 
[40], the development of new strategies for their prepara- 
tion is key to the advancement of our understanding 
of various carbohydrate-protein interactions and the 
discovery of new therapeutic agents. The application of 
combinatorial synthesis to the production of carbohydrate- 
based libraries has received increased attention in recent 
years. Combinatorial strategies have been applied to the 
discovery of new carbohydrate-based antibiotics, including 
derivatives of vancomycin [3 1,33**, 38] and aminoglyco- 
sides [29], and novel one-pot glycosylation strategies have 
been employed for the generation of oligosaccharide 
libraries [6**,7*]. Recent advances in solid-phase oligosac- 
charide synthesis, resulting in the development of 
an automated synthesizer [15**], are expected to 
facilitate future progress in the assembly of carbohydrate- 
based libraries. 
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